Mounting evidence for the catabolic rather than the anabolic function of phosphorylase has been forthcoming lately.'-4 The discovery by Leloir and Cardini6 of a UDPG-linked glycogen synthesis, on the other hand, presented a most suitable anabolic system where, in contrast to phosphorylase, glycogen synthesis is virtually a one-way reaction. Nevertheless, to find an unambiguous method of assigning intracellular glycogen synthesis to one or the other enzyme appeared to present considerable difficulties. At this juncture, therefore, it was particularly fortunate when a human myopathy was discovered' where muscle biopsy showed that a rather high glycogen content was coupled with very low levels of phosphorylase. It seemed probable that the UDPG-linked enzyme was present and that it was responsible for the high glycogen content. We wish to report here on muscle biopsy assays from such a patient which showed the level of the UDPG-linked glycogen synthesizing enzyme to be within the range of normality, in contrast to the again confirmed absence of phosphorylase.
Materials and Methods.-Uridine diphosphate glucose and triphosphopyridine nucleotide were purchased from the Sigma Chemical Company; and 5'-adenosine monophosphate and glucose-i-phosphate were obtained from Schwarz Laboratories. Rabbit liver glycogen was purchased from Mann Research Laboratories and .glucose-6-phosphate dehydrogenase, free of phosphorylase and phosphoglucomutase, was obtained from C. F. Boehringer and Sons. This enzyme was dialyzed overnight against 2 mM Tris, pH 7.5 and stored, frozen, in small batches. Under these conditions, it was found to retain its activity for several weeks. Phosphoglucomutase was prepared from rabbit muscle by the method of Najjar7 and phosphorylase b was prepared by the method of Fischer and Krebs.8 Labeled UDPG was prepared as described previously.4
Muscle biopsies were obtained under local or general anaesthesia and were immediately chilled in ice. The tissue was weighed, minced, and suspended in 10 volumes of ice-cold distilled water. Disruption was carried out in a small glass Potter-Elvehjem homogenizer. The homogenates were centrifuged for 10 minutes at 10,000 x g and the enzymatic activities in the supernatant fluid determined. Protein concentration was measured by the method of Lowry et al.9 and the specific activities of all enzymes are defined in terms of protein concentration. The enzymatic activities were determined as soon as possible after homogenization. Aliquots of the homogenate were diluted with glycerophosphate-cysteine, pH 6 (Cori phosphorylase assay), 0.03 M cysteine (phosphorylase kinase), or cold water immediately before being assayed.
Phosphorylase was determined by the method of Illingworth and Corin0 in the presence of AMP at pH 6. The units are those found at pH 6 and are not corrected to the activity expected at pH 6.8. When the homogenate obtained from the patient's muscle was being assayed, 0.2 ml. of undiluted homogenate and 0.2 ml. of double-strength glycerophosphate-cysteine were used in place of diluted enzyme. It was demonstrated that even under these conditions only about 15 per cent of the glucose-l-phosphate had been converted to glucose-6-phosphate at the end of the incubation period. 10 Phosphorylase was also determined by the method of Wu and Racker." This assay involved a measurement of the rate of TPN reduction when a limiting concentration of phosphorylase was incubated with excess glycogen, inorganic phosphate, phosphoglucomutase, and glucose-6-phosphate dehydrogenase. The incubation mixture contained 50 mM Tris, pH 7.5, 10 mM cysteine, 10 mM sodium phosphate, pH 7.5, 2 mg per ml of glycogen, 0.2 mM TPN, 10 mM MgC12, 1 mM AMP, phosphoglucomutase, and dialyzed glucose-6-phosphate dehydrogenase. Determinations with crystalline phosphorylase b showed that the rate of TPNH formation was directly proportional to phosphorylase concentration over a wide range. Homogenates were diluted with water for this assay.
Phosphorylase kinase assays were carried out according to Krebs and Fischer'2 except that Mg-ATP was used in place of Mn-ATP. Crystalline rabbit muscle phosphorylase, itself free of kinase activity, was used as the substrate. The units are those of Krebs and Fischer, one unit representing the conversion of 100 units of phosphorylase b to a in 5 minutes at 300.
Phosphoglucomutase was measured by the method of Najjar7 and also by a modification of the spectrophotometric method described above for phosphorylase. In this modification, the inorganic phosphate and phosphoglucomutase were omitted and the glycogen was replaced with 1 mM glucose-i-phosphate. It was shown that the rate of TPN reduction was proportional to phosphoglucomutase concentration.
The UDPG-glycogen synthetase activity was determined with glucose-C'4-labeled UDPG by a modification of the method described previously4 (Table 3) . The incubation medium was modified by the addition of 0.4 mM glucose-6-phosphate which was shown by Leloir et al. ' to increase the rate of the reaction. The incorporation was determined by the glycogen precipitation method used previously. It was also determined by stopping the reaction with 0.5 ml. of 0.05 M acetic acid, adsorbing the nucleotides with about 20 mg. of Norite A, and plating and counting the charcoal supernatant fluid. The two methods gave the same results for control homogenates and for the homogenate obtained from the patient's muscle.
Results.-The levels of phosphorylase and UDPG-glycogen synthetase in three control biopsies and in the biopsy obtained from the patient are summarized in Table 1 . In confirmation of the findings of Dreyfus et al.,'4 it was found that normal human muscle contains 1/4 to 1/3 the amount of phosphorylase activity found in rat or rabbit muscle. It is possible that the apparent trace of phosphorylase activity found in the patient's muscle may not be phosphorylase at all, but simply a reflection of nonspecific phosphatase activity in the case of the Cori assay, and the formation of traces of glucose-6-phosphate from sources other than glycogen in the spectrophotometric assay. This possibility was strengthened by the finding that the omission of AMP caused almost no change in the amount of enzyme measured. The data available indicate, to say the least, that the amount of activity was less than 0.5 per cent of normal. Mixing experiments have shown that the extract from the patient's muscle did not contain a phosphorylase inhibitor. Dialysis of the extract overnight against 5 mM Tris, 1 mM FDTA pH 7.5, did not result in the appearance of activity. Nirenberg' 8 who found that HeLa cells, although almost devoid of phosphorylase, contained an active phosphorylase kinase system. These findings seem to show the need for an investigation of the distribution and specificity of phosphorylase kinase activity. In a single experiment, it was shown that normal human serum was free of phosphorylase kinase activity.
Discussion. The abundance of glycogen in these dystrophic muscles in the virtual absence of phosphorylase rather unambiguously connects in vivo glycogen synthesis to UDPG-glycogen synthetase. This enzyme was found in the dystrophic muscles in approximately normal amounts when related to functioning muscle tissue. Judging from the symptomatology of the patient, it would seem that only skeletal muscle phosphorylase is lacking. Whether this defect is hereditary and what its relationship to glycogen storage diseases may be deserves further consideration, as does the question of whether the deficiency is caused by an absence of phosphorylase or by the presence of a defective and inactive protein.
When reflecting on the difference between catabolic and anabolic pathways, a more general rule seems slowly to emerge. Development in the area of glycogen synthesis and breakdown runs quite parallel to what is happening in fatty acid synthesis and breakdown. In both cases, metabolism and anabolism were attributed for some time to a chain of reversible reactions proceeding in either direction depending on conditions. It seems now that the anabolic process takes place by a more or less irreversible pathway which may require a rather large energy expenditure. Metabolic energy, it would appear, is treated as a relatively abundant commodity and cellular mechanisms appear not to be designed to save energy.
Summary. Muscle biopsies have been obtained from normal human subjects and from a patient with a progressive myopathy whose muscles lack phosphorylase. The phosphorylase level in a homogenate of the patient's muscle was found to be less than 0.5 per cent of normal, while UDPG-glycogen synthetase was approximately 1/2 of normal. The phosphoglucomutase activity of a homogenate of the patient's muscle was about 1/3 that of controls. The lower UDPG-glycogen synthetase and phosphoglucomutase are interpreted in terms of general degeneration of the tissue, while the lack of phosphorylase is considered to be a specific defect. The phosphorylase kinase activity of the homogenate was normal. The enzymatic pattern and the presence of a high concentration of glycogen in the tissue give strong evidence that glycogen is synthesized by way of UDPG. Flaks and Cohen' have demonstrated that a new enzyme, deoxycytidylate hydroxymethylase, is formed after infection of Escherichia coli B by T-even bacteriophage. This finding opens the way for further investigation of the possible relationship of the DNA2 of infecting phage to the synthesis of specific proteins and of the control of the formation of viral progeny.
We have observed the formation of another enzyme not detectable in normal cells. Hydroxymethyldeoxycytidylate kinase, which brings about the conversion of hydroxymethyldeoxycytidylate to the pyrophosphate level, is formed in a manner analogous to the synthesis of dCMP hydroxymethylase. At the same time an almost precipitous fall occurs in the ability of extracts to bring about net phosphorylation of dCMP. These enzymic changes can be considered as factors controlling the nature of the phage DNA. Material and Methods. Bacteriophage T2r was propagated on E. coli R2 in a glycerol-salts medium3 and concentrated and purified by differential centrifugation.4
To prepare normal extracts E. coli R2 was grown aerobically on nutrient broth to 2-5 X 108 cells/ml, chilled, and harvested. The following manipulations were carried out at 0-4°. The washed cell paste was ground with several volumes of alumina, extracted with 0.05 M potassium phosphate buffer at pH 6.8, centrifuged at 25,000 X g and dialyzed overnight. In the experiments reported in Figure 1 , the extracts were dialyzed against 0.01 M Tris buffer at pH 7.2, whereas in those experiments described in Tables 1 and 2 0.01 M potassium phosphate at pH 6.8 was used. For preparation of extracts of infected cells, E. coli R2 was grown with rapid circular shaking to 2-5 X 108 cells/ml in nutrient broth. The cells were infected at a multiplicity of about 5 with T2r and after 10 to 12 minutes
